In this article, slanted holographic polymer dispersed liquid-crystal films are prepared by using a single-prism interferometer. Their diffraction characteristics are measured at various incident angles. Based on the coupled-wave theory of diffraction efficiency and incident angles, the grating period, film thickness, and slanted angle of the volume grating are derived. A good agreement is demonstrated between the experimental and theoretical results, and supported by scanning electron microscopy observation. The electrical switching behavior of the grating is also described. The diffraction efficiency changes from 65% to a stable value of 10% at an electric field of 33 V / m. On the other hand, based on the theoretical prediction of diffraction efficiency, the optimum film thickness and Bragg grating period are determined, which sheds light on the implementation of our experiments.
I. INTRODUCTION
The development of holographic and diffractive optics technologies is of considerable interest for integrated optics, sensor systems, head-up displays, optical interconnects, optical data storage, and optical computers. In many applications it is desirable to have control over the diffraction efficiency of devices to obtain, for example, reprogrammable interconnects, angle multiplexers, electro-optically addressable volume data storage, fiber-optic switches, and dynamically variable focal length lenses. A promising approach is to employ holographic polymer dispersed liquid crystal ͑HP-DLC͒ due to the large field-induced birefringence change in these materials. Switchable HPDLC are the subject of significant current interest.
1-7 HPDLC may have a horizontal multilayered structure and a perpendicular structure. In their study, 1, 8 Sutherland et al. describe the permanent, but electrically switchable HPDLC gratings. The information storage characteristics of HPDLC with a perpendicular structure were investigated. 9, 10 The HPDLC devices with a horizontal multilayered structure were studied. 4 Recently many research groups are optimizing and evaluating new materials, exposure times, and preparation procedures [11] [12] [13] [14] [15] [16] to achieve better reflection or diffraction efficiencies, lower switching voltages, and shorter response times.
In this article, slanted HPDLC gratings are fabricated with a different PDLC composite material. Their diffraction characteristics and electrical switching characteristics are investigated. Based on the coupled-wave theory, fitting of diffraction efficiency and incident angles, the grating period, film thickness, and slanted angle of the volume grating are derived. A good agreement is demonstrated between the experimental and theoretical results. On the other hand, the theoretical calculation of diffraction efficiency is also presented in terms of diffraction angles and film thickness. The optimum film thickness and Bragg grating period are identified.
II. EXPERIMENT

A. Materials and preparation of PDLC cells
Commercially available chemical reagents used are as follows: ͑1͒ liquid crystal ͑E7, Merck Inc͒, ͑2͒ divinyl ether of triethyleneglycol ͑RapiCure DVE-3 from International Speciality Products, 98%, Inc., USA͒ as a reaction diluent, and ͑3͒ a hydroxyphenyl ketone photoinitiator ͑Darocur 1173 from Ciba͒.
The synthesis of the allyl-ether-modified unsaturated polyesters ͑AUPEs͒ was conducted in our laboratory, shown in Fig. 1 . For a typical reaction, 0.05 g of p-toluene sulfonic acid as a catalyst and 0.5 g of hydroquinone, used as an inhibitor, were put into a 250-mL three-necked flask with a mechanical stirrer, rectifying column, and purging system. The mixture was heated to 160°C in an oil bath and refluxed for 3 h with the mechanical stirring ͑stirring speed was approximately 200 rpm͒. raised to 190°C for 2 h. Then the reaction was performed in a vacuum of 40-mm Hg and at a temperature of 160°C for 1 h to remove water in the system. The reaction was performed under N 2 atmosphere. The molecular weight of AUPE oligomer is 1674.
The emulsion was prepared by mixing the following components: 30% ͑by weight͒ nematic liquid-crystal mixture E7, 54% AUPE oligomer, 14% DVE-3 as a reactive diluent, and 2% Darocur 1173 as a photoinitiator. The components of the monomer mixtures and the LC were mixed homogeneously for 3 min in a glass vial at 60°C. After mixing, the syrup was centrifuged for 1 min to remove dissolved gases. Indium-tin-oxide ͑ITO͒-coated glass slides were cleaned with methanol prior to use. The 9-m mylar spacers were utilized to ensure a uniform film thickness. After the PDLC film was holographically exposed, a continuous exposure under an ultraviolet lamp was applied for 5 min.
B. Grating writing by holographic exposure
In this study, strict darkroom conditions were used during the PDLC cell preparation. Holographic diffraction gratings were recorded by using a single-prism interfering system at a wavelength of 355 nm from a Nd: yttrium aluminum garnet ͑YAG͒ laser. The system configuration is shown in Fig. 2 . By using a prism reflector, an expanded collimated laser beam was incident onto the apex of a prism with an angle of 90°, which acted as a beam splitter refracting the light on the both sides of the apex prism towards the cell. The cell was mounted under the hypotenuse of the prism. After taking an account for the optical losses, each beam had a power ranging from approximately 50 to 200 mW. The duration of exposure varied from 30 to 300 s. The typical exposure time was 90 s. After the holographic radiation, the photoinduced polymerization of the oligomers and phase separation led to the formation of a periodic structure, in which a polymer-rich and a liquid-crystal rich region alternatively distributed. A thin film is desirable because the voltage of electrical switching is approximately proportional to the film thickness. In order to reduce the switching voltage and to enhance the diffraction efficiency, the gratings were written at a slanted angle ␤.
The grating period of an unslanted grating 17 is
where w ͑=355 nm͒ is the wavelength of the writing laser, ␣͑= /4͒ is the base angle, and n f ͑=1.475 29͒ is the refractive index of the fused silica prism. n a is the effective refractive index of the PDLC film calculated as n a =30%n LC +70%n p = ͑30% ͒ 1 3 ͑2n O + n e ͒ +70%n p . By substituting refractive indices of the liquid crystal n O = 1.5258 and n e = 1.7366 and that of the polymer n p = 1.485 in the above mentioned equation, n a = 1.5183 can be obtained. Hence ⌳ = 281.5 nm. Due to the slanted angle, the practical period on the film surface is ⌳Ј = ⌳ / cos ␤, where ␤ is the slanted angle of the PDLC film.
C. Diffraction measurement
The measurement system of the peak diffraction efficiency is shown in Fig. 3 . A 532-nm green Nd: YVO 4 laser was incident in the film at an angle to the film surface normal. The polarizer changed the s-and p-polarized directions of incident light. Detectors 1 and 2 were used to measure the Bragg diffraction and transmission intensity and obtain the diffraction efficiency. Assuming = 0, the transmission intensity of s-and p-polarized light is I s0 = 4.3 mW and I p0 = 1.8 mW. The diffraction efficiency can be obtained by using I s0 or I p0 to divide the measured value of detector 1. The measured results of s-and p-polarized light are shown in small and large dots of 
D. SEM observation
Scanning electron microscopy ͑SEM͒ observations were carried out on a JEOL JSM-6335F field-emission SEM instrument. The films were prepared for SEM analysis first by peeling them from the glass substrate with a razor blade and removing the liquid crystal by immersing the free film in methanol for 12 h then drying at room conditions. The dried films were then mounted on metallic sample trays. A 205-nm-thick coating of gold was deposited on the surface of the specimen. Then the film was measured at a scanning voltage of 3 kV with different magnification amplitudes.
III. RESULTS AND DISCUSSION
A. Diffraction efficiency
From the coupled-wave theory, 18 the diffraction efficiency is given by
where = n 1 L / cos for the s-polarized light and = nL⌬ sin 2 / cos . L is the physical thickness of the grating, n is the effective refractive index, n 1 is the amplitude of the index modulation ͑n 1s and n 1p for the s-and p-polarized light, respectively͒, is the reading wavelength, is the angle of incidence in the sample, and ⌬ = − B is the deviation from the Bragg angle B .
The solid and dashed lines in Fig. 4 are fits of Eq. ͑2͒ to the measured diffraction efficiency and angle of p-and s-polarized light, assuming n = 1.518 and = 532 nm. The value is larger than that of unslanted gratings. On the other hand, because the amplitude of the index modulation n 1 is large, the half-width angle of angular selectivity is also very large. The fitting results also tell us that we can increase the diffraction efficiency by decreasing the index modulation n 1 or increasing the refractive index of the polymer in PDLC.
B. SEM topography
Micrographs of SEM are shown in Figs. 6͑a͒ and 6͑b͒ . The grating spacing is 285.7 nm and the average size of LC is 10 nm. Considering the slanted angle of 2.5°, the grating period is given as ⌳ = 285.7 cos 2.5°= 285 nm.
There is an excellent agreement between the SEM measured value, the diffraction measurement result ͑281 nm͒, and the theoretical calculation from the geometry of our recording setup ͑281.5 nm͒.
C. Electrical switching
Electric-field control of the diffraction efficiency was measured as illustrated in Fig. 7 . The grating was read with a p-polarized Nd: YVO 4 laser. The diffraction efficiency reaches an actual minimum ͑10%͒ at ϳ300 V ͑root-meansquare͒ or 33 V / m ͑the sample thickness is 9 m͒. This value of switch voltage is high. This is perhaps because the size of the LC is very small ͑ϳ10 nm͒.
D. Optimum of film thickness and grating period
To obtain the highest diffraction efficiency, film thickness and Bragg grating period should be chosen appropriately. According to Eq. ͑2͒, the diffraction efficiency ͑h͒ is calculated as a function of film effective thickness ͑L͒ and Bragg angle ͑qB͒. Figure 8͑a͒ shows the calculated result at 455-nm wavelength, which has a fluctuation and pseudoperiodic change at lower Bragg angles. To view the variation more clearly, a contour plot of the function is shown in Fig.  8͑b͒ . The lighter the color shade is, the larger the diffraction efficiency is. At point A where the largest diffraction efficiency occurs, the Bragg angle and film thickness are 20°a nd 10 m, respectively. That is to say, a film sample, made of the current material system, with a grating period of 437.6 nm and thickness of 10 m, has the largest diffraction efficiency when a blue light of 455 nm is incident at a Bragg angle of 20°͑2n⌳ sin B = , n = 1.518, and = 455 nm͒. Figure 9͑a͒ shows the periodical change of diffraction efficiency with the film thickness at a Bragg angle of 20°. The period is 21 m. Because of the near-periodical change of diffraction efficiency, another film sample with a thickness of 31 m has the largest diffraction efficiency under the same incident conditions. The solid line at Fig. 9͑b͒ indicates that when the film thickness is 10 m, the Bragg diffraction angle ͑grating period͒ influences the diffraction efficiency. In a wide range of Bragg angles ͑from −40°to 40°͒, the diffraction efficiency is almost 1. This can decrease the limitation to the grating period and easily realize large diffraction efficiency. Furthermore, Fig. 8 shows that if the sample thickness is less than 4 m, it is difficult for the 455-nm blue light to obtain the full diffraction efficiency. The dashed line at Fig. 9͑b͒ shows the change of diffraction efficiency at a film thickness of 3.5 m. In a wide range of angles, the diffraction efficiency is below 30%. In a similar manner, the diffraction efficiency of the 532-nm green light and the 632-nm red light are calculated and their contour plots are shown in Figs. 10 and 11, respectively. As the wavelength of the incident light increases, with an identical Bragg angle, say 20°, the optimum thickness increases as the highest diffraction peak moves towards the right side. Comparing 10 m with the incident light of 455 nm, the optimum thickness with a Bragg angle of 20°i s approximately 14 and 16 m at 532 and 632 nm, respectively.
Hence, on one hand, based on the sample thickness and grating period, the diffraction efficiency of different wavelengths can be obtained from Figs. 8͑b͒, 10, and 11. On the other hand, given the diffraction efficiency and Bragg angle, the film thickness and grating period can be determined.
IV. CONCLUSIONS
In this article, slanted holographic polymer dispersed liquid-crystal films have been prepared by using the singleprism interferometer. Diffraction characteristics at different incident angles have been measured. Based on the coupledwave theory of diffraction efficiency and incident angles, the grating period, film thickness, and slanted angle of volume grating are obtained. A good agreement is acquired between the SEM measurement ͑285 nm͒, the diffraction measurement result ͑281 nm͒, and the theoretical calculation from the geometry of our recording setup ͑281.5 nm͒. The diffraction efficiency of Electrical switching of is also determined. The diffraction efficiency can be switched from a value of 65% to a stable value at fields ϳ33 V / m. Based upon the calculation of diffraction efficiency with diffraction angles and film thickness, the optimum film thickness and Bragg grating period are identified. This will provide an important guide for experimental investigation.
